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A yeast homolog of the mammalian mannose 6-phosphate
receptors contributes to the sorting of vacuolar hydrolases
James R.C. Whyte and Sean Munro
The soluble hydrolases of the mammalian lysosome both Schizosaccharomyces pombe and the phytopathogenic
fungus Botrytis cinerea. Database searches with all of theseare marked for delivery to this organelle by the
addition of mannose 6-phosphate to their N-glycans. fungal proteins reveal a clear homology to the lumenal
domains of mammalian MPRs (BLAST; p  104–106),Two related mannose 6-phosphate receptors
(MPRs) recognize this feature in the trans Golgi and the significance of this increases further if an iterative
PSI-BLAST search that favors the residues conservednetwork (TGN) and deliver the hydrolases to the
late endosome. In contrast, the vacuolar hydrolases between the yeast proteins is used. The lumenal portions
of the two mammalian MPRs comprise a conserved do-of the yeast Saccharomyces cerevisiae do not
contain 6-phosphate monoesters on their N-glycans, main that is present in either one (cation-dependent
[CD-MPR, 46 kDa]) or fifteen copies (cation-independentand the only sorting receptor so far identified in
this organism is the product of the VPS10 gene [1]. [CI-MPR, 300 kDa]) [3], and we have recently found that
this domain is also present in two more distantly relatedThis protein also cycles between the Golgi and the
late endosome, but is unrelated to the vertebrate N-glycan-recognizing proteins [4]. The yeast proteins have
a single region showing homology to theMPRs, indicatingMPRs, and recognizes a specific amino acid
sequence of carboxypeptidase Y (CPY) [2]. This has that, like mammalian CD-MPR, their lumenal portions
comprise a single copy of this domain. Figure 1b showsled to the notion that although yeast and mammals
share many components in Golgi to endosome an alignment of the putative lumenal domains of the
fungal proteins with that of human CD-MPR. The lume-traffic, they use unrelated receptor systems to sort
their abundant soluble hydrolases. In this paper, we nal domain of CD-MPR contains 6 cysteines, all of which
are conserved in the related 15 repeats of the CI-MPR,report that the yeast genome does in fact contain
an uncharacterized ORF (YPR079w) that encodes a and these cysteines are also present in all 3 of the fungal
proteins. The homology includes more than these cyste-membrane protein that is distantly related to
mammalian MPRs. The protein encoded by this gene ines, and, in particular, the region between the fifth and
sixth shows the most conservation, as it does between(which we term MRL1) cycles through the late
endosome. Moreover, there is a strong synergistic the repeats of the MPRs themselves. Because of these
homologies, we propose that YPR079w be called MRL1effect on the maturation of proteinases A and B
when both MRL1 and VPS10 are deleted, which (mannose 6-phosphate receptor like). In the case of the
S. pombe and B. cinerea proteins, the homology actuallysuggests that Mrl1p may serve as a sorting receptor
in the delivery of vacuolar hydrolases. extends through the TMD and into the cytoplasmic do-
main of CD-MPR (Figure 1c), with BLAST searching
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only potential sequences forN-glycan addition are present
on the N-terminal side of the transmembrane domain,
indicating that, like the CD-MPR, Mrl1p has a type I
topology with the C terminus in the cytosol. The intracel-Results and discussion
Open reading frame YPR079w of the Saccharomyces cerevis- lular distribution of the tagged protein was examined by
immunofluorescence, and Figure 2b shows that the pro-iae genome is predicted to encode a protein of 381 amino
acids with a cleaved signal peptide and a single transmem- tein was distributed with a punctate pattern typical of
yeast Golgi or endosomes. This staining colocalized withbrane domain (Figure 1a). Database searches reveal that
a closely related protein is encoded in the genomes of that of Vps10p, indicating that the protein is primarily
Brief Communication 1075
Figure 1
Fungal relatives of the vertebrate CD-MPR. (a)
The structure of the human CD-MPR and
three ORFs from the indicated fungi. All
structures are predicted to begin with signal
peptides, which are not shown, and have a
single transmembrane domain (TMD). The B.
cinerea sequence was assembled from
overlapping ESTs (Accession numbers
AL111287, AL111604, and AL112478). The
genome of S. cerevisiae also contains a
predicted ORF of 117 residues (YDL242w),
which is related to the predicted cytoplasmic
tail of YPR079w. This ORF is nonessential,
and when GFP was fused to the C terminus,
it was expressed, but the fusion appeared
diffuse. It has no homologs in other species,
and so its significance is unclear. (b) The
alignment of the putative lumenal domains of
the proteins in (a), with residues shaded if they
are identical (black) or conserved (gray) in
two or more sequences. (c) The alignment of
the putative cytoplasmic tails of the proteins in
(a). The sequences start after a 4-residue gap
from the end of the sequences in (b), except
for the S. cerevisiae protein, which appears
to have a slightly shorter TMD, and so there
is no gap. The two cysteines in the CD-MPR
cytoplasmic tail are palmitoylated, and,
interestingly, the tail of the B. cinerea protein
contains similar residues, while, in the S.
pombe protein, this region is a long uncharged
region that would form an amphipathic helix.
located in the late Golgi. Vps10p cycles through a late- colocalize in the enlarged class E compartment, indicating
that Mrl1p-HA is also cycling through the late endosome,endosomal/prevacuolar compartment and can be trapped
in this compartment in class E vps mutants [5, 6]. Figure and since Mrl1p-HA can complement a mrl1mutant (see
below), the same is likely to also be true for Mrl1p itself.2b shows that, in the vps4-1 strain, Mrl1p-HA and Vps10p
Figure 2
Mrl1p is expressed in normal growth
conditions and is localized in the Golgi
apparatus and prevacuolar compartment. (a)
Anti-HA protein blots of total cellular proteins
from wild-type yeast strain SEY6210 [15]
either without (con) or with (MRL1-HA) three
copies of the HA tag inserted at the C terminus
of the YPR079w ORF by PCR-mediated
homologous recombination [22]. (b) Double-
label immunofluorescent localization of Mrl1p-
HA and Vps10p-myc in either wild-type
(SEY6210) or vps4-1 strains [15], “con”
being a strain treated in parallel but lacking
Mrl1p-HA. Both proteins were C-terminally
epitope-tagged (three copies of HA, six copies
of myc) and expressed from their own
promoters on CEN plasmids or tagged in the
genome, in the case of MRL1 in vps4-1. After
staining with 3F10 anti-HA (Roche), rabbit
anti-myc (Santa Cruz), and Alexa-labeled
secondary antibodies (Molecular Probes),
cells were photographed on a BioRad
Radiance confocal microscope.
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Figure 3
Defects in the sorting of vacuolar proteases
in strains lacking both Vps10p and Mrl1p.
(a) Anti-CPY immunoprecipitates of
intracellular (I) and extracellular (E) material
from cells labeled with 35S-methionine for 10
min and then chased for an additional 30 min
as described previously [10]. Strains are either
SEY6210 (WT) or the same WT with the
indicated genes deleted by homologous
recombination [22]. (b) Anti-PrA
immunoprecipitates of intracellular (I) and
extracellular (E) material after pulse-chase
labeling from strains transformed with CEN
plasmid pRS314, which was either empty (-)
or contained the gene indicated, with Mrl1p-
HA being expressed from the MRL1
promoter. Samples were prepared as in (a),
except that the samples were heated at 37C
prior to gel electrophoresis rather than boiled,
and cells were grown in medium buffered
with 100 mM Na citrate (pH 4.0). The different
forms of PrA are indicated: m, mature; u, (data not shown). The sorting efficiency is harvested from log phase growth in medium
underglycosylated (one N-glycan instead of indicated as the percent of PrA that is both buffered with 100 mM NaHPO4 (pH 7.0). (d)
two); , pseudomature; identified by correctly matured and intracellular. Similar Anti-PrA immunoprecipitates, as in (b), from
reference to previous studies [7–9]. The ratio results were obtained with single gene SEY6210 from which ALG3 was deleted by
of PrA to mPrA in the medium is greater deletions in SEY6210 (mrl1, 71%; vps10, homologous recombination (WT), or the same
at pH 4.0 than pH 7.0, suggesting that at least 48%). (c) An Anti-PrB protein blot of total strain from which the indicated genes had
some autoactivation occurs extracellularly cellular protein from the strains in (a), also been deleted in the same manner.
A strain was then constructed in which the MRL1 gene maturation of PrA in cells lacking either MRL1 or VPS10,
but found it was only slightly affected in either case (Fig-was deleted, and this strain showed no obvious growth
defects. The mannoproteins of the yeast cell wall have ure 3b).
N-glycans extended with a large mannan structure that
contains phosphomannose side chains, a potential ligand The deletion of VPS10 has been previously shown to have
only a relatively small effect on vacuolar delivery of PrA,for a protein related to MPRs. However, labeling of cells
with 32P revealed no defect in the rate or extent of phos- but it is also known that Vps10p can recognize PrA, as
overexpression of Vps10p improves the sorting of over-phomannan secretion by mrl1 spheroplasts (data not
shown). We next examined the sorting of the vacuolar expressed PrA [7, 11]. Thus, we examined the effect of
deleting bothMRL1 and VPS10 and found that the sortinghydrolase CPY, but this was not substantially affected by
deletion of MRL1 (Figure 3a). In contrast, deletion of of PrA was affected to a markedly greater extent in the
double mutant than in either of the single mutants, withVPS10 resulted in the expected severe defect in CPY
delivery, and this effect was unchanged by the additional only 20% correctly matured after a 30 min chase (Figure
3b). Instead, most of the PrA accumulates intracellularlydeletion of MRL1.
as 50-kDa and 43-kDa forms that comigrate with the
proPrA and pseudomature forms that were seen whenAlthough the targeting of CPY appears to be dependent
on Vps10p alone, it is known that the delivery of other vacuolar delivery was inhibited by the deletion of VPS1
or VAM3, genes that encode known vacuolar sorting com-abundant vacuolar hydrolases such as proteinase A (PrA)
and proteinase B (PrB) is less affected by the loss of ponents (Figure 3b and data not shown). At a longer time
point (60 min), there was no further secretion of theseVps10p, suggesting that other receptors could contribute
to their sorting [1, 7]. We initially examined the vacuolar unprocessed forms, indicating that the immature material
in mrl1 vps10 accumulates in the cell and is not simplydelivery of PrA in strains lacking either MRL1 or VPS10
alone. Vacuolar delivery of PrA can be examined by fol- delayed in its secretion (data not shown). The sorting
defect of the mrl1 vps10 strain was rescued to that oflowing its proteolytic maturation, which is mediated by
PrB upon arrival in the vacuole, resulting in the 50-kDa vps10 alone by CEN plasmids containing either MRL1
or HA-tagged MRL1, indicating that the tagged form ofproPrA being converted into the 42-kDa mature protein
[8]. A 43-kDa pseudomature form can be generated by the protein is functional (Figure 3b).
autocatalytic cleavage, and this is observed when PrB is
missing or when proPrA accumulates in the medium [9, We also examined the maturation of PrB, another vacuolar
hydrolase whose sorting has been found to be relatively10]. We thus used pulse-chase analysis to examine the
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independent of Vps10p [1]. The state of proteolytic matu- ters found in mammalian hydrolases [16, 17]. We exam-
ined the effect of perturbing the structure of theN-glycansration of PrB in the various strains was examined using
protein blotting, and Figure 3c shows that, in the mrl1 of PrA by examining sorting in a alg3 mutant in which
the size (Man5 instead of Man9) and the efficiency of thevps10 strain, an immature 40-kDa form accumulated to
a much greater extent than with either single deletion addition of the N-linked core are reduced [18]. However,
although the amount of underglycosylated PrA increasedalone. This indicates that there was a deficit in the PrA-
dependent processing of the 40-kDa immature form of as expected, this had no effect on the relative dependence
of PrA delivery on Mrl1p and Vps10p (Figure 3d). It isPrB to the 37-kDa form that then autocleaves to the 31-
kDa mature form [12]. of course possible that, if Mrl1p is a sorting receptor, it
could be recognizing a glycan and peptide structure or
simply a peptide-based feature. Indeed it is known thatTaken together, these results indicate that Mrl1p and
the mammalian CI-MPR can recognize nonglycosylatedVps10p make overlapping contributions to the delivery
proteins through domains other than those that bind man-andmaturation of PrA and PrB, which suggests thatMrl1p
nose 6-phosphate, and moreover when lysosomal hy-could be a sorting receptor like Vps10p. PrA and PrB
drolases lack mannose 6-phosphate addition, they are stillare the only known proteases required for each other’s
sorted correctly in some cell types [19–21]. If ligands forprocessing, so it may be that only one is directly affected
Mrl1p can be identified, the analysis of how they arein the mrl1 vps10 mutant. It is also possible that the
recognized byMrl1p could reveal something of the evolu-direct effect is on neither, but rather on an as yet unidenti-
tionary origins of the mammalian MPR sorting systemfied vacuolar component that contributes to maturation.
that appears to be much more ancient that previouslyThus, if Mrl1p is a receptor, it might be directly binding
thought.to only a subset of these proteins. The intracellular accu-
mulation of immature PrA and PrB seen in the double
mutant has often been observed with vps mutants that Acknowledgements
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